I. Introduction
There is a wide variety of UAV shapes, sizes, configurations and characteristics. 1 With the development in control systems, high reliability, availability and safety have become important and necessary requirements in many international standards and regulations. In addition to the quality and robustness, use of hardware redundancy is a traditional way to improve system reliability and availability, which has been more and more extended to the use of software redundancy during the last decades. Therefore, fault tolerant control (FTC) and fault tolerant control system (FTCS) have attracted more and more attention and development in industry and academia. FTCS is a control system that possesses the ability to accommodate for system failures automatically and to maintain overall system stability and acceptable performance in the event of component failures. 2 The objective of FTCS is to maintain safety and reliability of modern engineering systems.
Currently, aircraft control is one important application where the number of actuators often exceeds the number of variables to be controlled. Such actuator redundancy is partly motivated by a need for enhanced maneuverability, and tolerance capability under actuator failures. Distributing the control effort among the actuators is known as the control allocation problem. 3, 4 Re-distributing the control signals to compensate for the effects of the faults by using the remaining healthy actuators/effectors in the presence of actuator faults is known as the reconfigurable control allocation (RCA) or control reallocation problem. 5, 6 The reconfigurable control allocation (RCA) problem is one part of a fault tolerant control (FTC) problem. The importance of reconfigurable control allocation has now attracted wide attention, especially in the areas of signal treatment, pattern recognition, adaptive control, optimization and intelligent control; the integration of these techniques under the concept of reconfigurable control has sped up the reconstruction of the flight control system technology. Control allocation reconfiguration is an active approach in control theory to achieve fault-tolerant control of dynamic systems, without need to restructure the controller parameters.
The control surfaces of a UAV can be affected by several types of faults. Common control surface faults include [7] [8] [9] : (1) loss of effectiveness (LOE) fault, (2) freezing or lock-in-place (LIP) fault, (3) floating fault, and (4) hard-over fault (HOF). Loss of effectiveness is characterized by a lowering of the actuator gain with respect to its nominal value. 6, 12 In the case of a LIP fault, the actuator freezes at a particular position and does not respond to subsequent commands. HOF is characterized by the actuator moving to its upper or lower limits regardless of the commanded signal. The speed of actuator response is bounded by the rate limits. A floating fault occurs when the actuator floats with zero moment and does not contribute to the control effectors.
One potentially serious fault scenario is that of stuck actuators. Once stuck, the actuators can no longer respond to control signals. In this paper, cascaded generalized pseudo-inverse and fixed-point algorithms are investigated and implemented on a nonlinear ALTAV UAV model 1, 10 to reconfigure a control system when actuators appear as stuck. Simulation results show the satisfactory reconfigurable flight control system performance when the actuator is stuck at a certain position. Furthermore, simulations evidence the increased ability of the closed-loop system to track the desired trajectories.
The paper is organized as follows: The control allocation problem is formulated in Section II. Two control reallocation algorithms are introduced in Section III. Modeling of stuck faults is introduced in Section IV. The ALTAV UAV and fault implementation models are presented in Section V. Simulation results and the performance evaluation are presented in Section VI. The main conclusion and recommendations for future work are given in Section VII.
II. Control Allocation Problem Formulation
Control allocation is that of distributing a desired total control effort among a redundant set of actuators. In flight control, for example, the total control effort corresponds to the aerodynamic moments (and sometimes also forces) to be produced, and the actuators are the control surfaces (motors) available on the UAV. Fig. 1 shows that simple structure diagram of flight control system. In this figure, the control allocation and control reallocation block are placed between the control law and actuators. The system uses the control allocation block when the system operates in normal conditions; the system uses the control reallocation block after the system has faults caused by control surfaces or actuators. The algorithms implemented into the control allocation and reallocation blocks must be chosen amongst many different constrained optimization based algorithms. In this section, effort is made to develop a generic mathematical statement of the control allocation problem following the work of Durham. Mathematically, a control allocator solves an underdetermined, typically constrained, system of equations. The input to the control allocator is the total control effect to be produced, named as the virtual control input 
is the mapping from the actual control input to the virtual control input in the system to be controlled.
Considering the case of a linear dynamic system in state-space form:
( ) has rank k<m, it has a null space of dimension m-k in which the control input can be perturbed without affecting x & . Thus, there are several redundancies that can be solved using the control allocation technique.
Introducing the virtual control input as:
and B is known as the control effectiveness matrix. System dynamics can be rewritten as: 
Each actuator is assumed to be physically limited by upper and lower position and rate limits. Using a digital controller, the rate constraint can be viewed as a time-varying position constraint. This gives the following overall box constraint: Combining the equations, we see that different commanded values of ( ) v t lead to different cases -there can either be an infinite set of solutions ( ) u t , one unique solution, or no feasible solution at all.
In the quadratic programming approach to control allocation, also known as 2 l -optimal control allocation, the control allocation problem is posed as the following sequential least-squares problem:
This optimization problem should be interpreted as follows: Given M, the set of feasible control inputs that 
As gamma goes to infinity, the two formulations have the same optimal solution, ( ) u t . For the control of UAVs the state vector x can include the position, velocity, heading, roll and pitch. The output vector y may contain the position, heading rate, roll rate and pitch rate. The control vector u contains forces generated by the four motors for the case of the ALTAV UAV.
III. Reconfigurable Control Allocation Solutions
The main idea of reconfigurable control allocation is that once one or more control surfaces get stuck or partially lost during the flight, control reallocation methods should be able to use the redundancy of operable control surfaces to cancel the effects of the jammed and/or partial loss of the control surfaces and provide the same, or almost the same, desired control inputs. The location of control reallocation block in control system is shown as in Fig. 1 .
A. Problem Statement
Let us briefly discuss the motivation for control allocation. Consider that the linearized dynamics of the normal or healthy UAV at a trim condition are given by The objective of reconfigurable control allocation is to seek a f u that makes control effect after actuator failure similar to that under the healthy condition, then we get
Such a f u can be found by minimization of the following quadratic function: 
B. Cascaded Generalized Pseudo-Inverse Algorithm
The Pseudo-Inverse Algorithm is a reconfigurable control method of an active fault tolerant control system. It consists of changing the feedback gain to complete the reconfiguration of the faulty system. This method is widely used for control allocation because of its easy calculation and application features. It relies on 2 l optimal control allocation. Suppose (
For another case, constraints are active and involved in the applications. Applying this method to the quadratic programming problem, the fixed-point algorithm is given as: 
converges to the unique solution of the quadratic programming problem from any initial guess 0 u .
The unconstrained solution Eq. (19) is just a special case of Eq. (20) when none of the components of the saturators in Eq. (20) are active. The fixed-point algorithm is reliable and simple. In comparison with CGI, this algorithm is used to handle actuator saturation. The fixed-point algorithm provides an exact solution to the optimization problem, and is guaranteed to converge. The speed of convergence has a strong relationship with the choice of value ε . The convergence is slow and accurate if the value of ε is small; the convergence is fast and inaccurate if the value of ε is large.
IV. Stuck Failures Modeling
A stuck fault is one of most serious problem that may result in dramatic consequence under the fault condition. This is so since once stuck, the actuators can no longer respond to control commands. It is difficult to deal with stuck actuator faults because the remaining actuator must compensate for the effects of the failed actuators in the overall system. In real situations, a stuck fault is much more challenging than a partial fault. A brief description follows.
During normal flight, the motion of a UAV can be described as Eq. (8). The closed-loop system of UAV is stable under this condition, and its states can follow those of a reference model. In the presence of stuck actuators, it is necessary that the closed-loop system remains stable and that the system states can still follow those of the reference model. Stuck actuators reduce the number of healthy control surfaces. Their effects can be viewed as additional constant disturbances imposed onto the system, which may drive the system away from the desired path. The closed-loop system stability may also be affected due to the loss of some control channels.
V. Model Implementation
The Quanser Almost Lighter than Air Vehicle (ALTAV) UAV model is used in the simulation studies. The ALTAV system is a six-degree of freedom UAV. 1, 10 The behavior of the ALTAV UAV is governed by the following equations in the vehicle frame as seen in Fig. 2 . In the original ALTAV model, fault models were not included. Stuck failures of four control motors of UAV have been implemented for reconfigurable flight control allocation design and evaluation purpose in this study.
VI. Simulation Results Using Reconfigurable Control Algorithm
In this section, the simulation results for stuck faults are shown for the UAV non-linear model stuck at a certain position in different motors. Simulations are conducted in order to investigate the ability of the reconfigurable control system to re-stabilize the ALTAV and provide reasonable command-tracking performance. In the following, two fault scenarios are simulated: 1) stuck failure in motor 3 with square trajectory as command input; 2) stuck failure in motor 1 with circle trajectory as command input. Simulation time of these two different trajectories varies according to the input trajectory.
The simulation results shown below are compared to two reconfigurable control algorithms, CGI and Fix algorithms. 1) Motor 3 stuck at a certain position at 50 second (square trajectory as command input)
In this scenario X-Y (2D) plane command input is a square trajectory, Z axis is a given altitude value of 5 meter, simulation time is 80 seconds, fault is generated at 50 second and the control reconfiguration is carried out at 50 second. Fig. 3 shows that UAV virtual trajectories with/without reconfigurable algorithms under the motor 3 stuck failure in X-Y plane, response curves include fault-free (the desired) situation, with fault but without using reconfigurable algorithm, and with control reconfigurable algorithms. From Fig. 3 , it can be clearly seen, without control reallocation, UAV cannot track the desired trajectory, its magnitude error increases after fault occurrence. Fig. 4 shows UAV trajectory under fault-free case and trajectory without using reconfigurable control algorithm when motor 3 stuck at a certain position. As can be seen, UAV tracking trajectory deviates from the desired trajectory, the reconfigurable curve in X position axis fails to follow the desired curves, leading to a big deflection with the X position of the desired curves when the model operates from 80s to 120s. Circular trajectory as command input is used in this scenario for X-Y (2D) plane, Z axis is a given altitude value of 5 meters, simulation time is 120 seconds, and fault is generated at 80 second and the reconstruction works at 80 second. The above Fig. 7 shows the trajectories in different situations of X-Y plane. Comparisons were made under normal situation, without control re-allocation, and with control re-allocation method. The performance of these four trajectories shows that UAV virtual trajectory can track the desired trajectory well with reconfigurable control allocation algorithm whereas the UAV fails to follow the desired trajectory without control reallocation, its magnitude error increases with time after fault occurrence. Fig. 8 shows that UAV trajectory curve (no fault) and curve with motor 1 stuck at a certain position in 3D space. As seen, UAV tracking trajectory deviates from the desired trajectory. Fig. 9 shows that UAV follows the desired trajectory well when CGI reconfigurable control algorithm has been used to the system. Fig. 10 shows that trajectory with Fix reconfigurable control algorithm tracks the desired trajectory well. Reconfigured X, Y positions follow the desired positions in Fig. 9 and Fig. 10 , Z axis has a steady output in these three figures. Different levels of stuck failures occurred in motor 1, motor 3 and other motors are also simulated and tested in ALATV non-linear model. Those results are not presented in this paper due to consideration of space limit.
VII. Conclusion and Future Work
In this paper, a reconfigurable control allocation technique for flight control system to handle the fault caused by stuck failures has been developed. Two reconfigurable control allocation algorithms, cascaded generalized inverse and fixed-point, have been implemented and tested under a realistic and nonlinear UAV benchmark. Simulation results have shown that the fault-tolerant control system with reconfigurable control techniques possess the ability to maintain command tracking performance even in the presence of actuator stuck failures. Future works include the extension from one UAV to UAV formation flight. Suitable fault detection and diagnosis schemes for UAV are also to be investigated. 
